Conditions for the preparation, purification, and maintenance of karyoplasts which could regenerate to reform whole viable cells were defined. Results of biochemical analyses of such karyoplasts at various times during regeneration indicated that a reproducible biosynthetic program was followed. Thus, an examination of the polypeptides made during regeneration by two-dimensional gel electrophoresis showed that the pattern of radiolabeled polypeptides synthesized at each time studied was specific and was significantly different from that observed at other times during regeneration. Polypeptides associated with three major cellular fractions-nuclear, cytoskeletal-microtrabecular, and solublewere among the most dramatically regulated molecules. Other polypeptides, such as the major components of microfilaments and intermediate filaments, were synthesized at relatively constant rates and were assembled into structures throughout regeneration. Likewise, microtubules appeared to be reformed throughout regeneration, even in the absence of identifiable centriole-associated organizing centers. Finally, analysis of DNA synthesis by autoradiography showed that, even when prepared from whole cells synchronized at the Gl/S interface, karyoplasts could not begin making DNA until they had regenerated an almost complete complement of cytoplasm.
Cytochalasin-induced enucleation of mammalian cells produces primarily two types of cellular fragments: cytoplasts, or enucleated cells, and karyoplasts, or nuclei surrounded by thin shells of cytoplasm enclosed within outer cell membranes (5, 18, 21) . Karyoplasts initially contain approximately 10% of the cytoplasmic volume of whole cells and approximately 10% of certain organelles, such as mitochondria (5, 13, 21, 31) . However, not all cytoplasmic structures are randomly partitioned between cytoplasts and karyoplasts. Thus, karyoplasts contain only a small portion (ca. 2 to 3c) of the lysosomes and Golgi apparatus of the cells and only fragments of major cytoskeletal structures, such as microtubules; in fact, they completely lack centrioles (21, 31) .
Despite this drastic loss of cytoplasmic structure, karyoplasts prepared from the mouse L929 and 3T3 cell lines can regenerate to form whole cells (3. 13, 14, 31) . Other reports on the characterization of karyoplasts prepared from rat L6 myoblasts (5) , Chinese hamster ovary cells (21) , or mouse L929 cells (29) , state, however, that karyoplasts invariably die within 1 to 3 days of preparation: no evidence for karyoplast regeneration was found. Two possible explanations for these conflicting sets of reports are that (i) differences in the experimental conditions for preparing and culturing the bodies account for the variable ability of the karyoplasts to regenerate, and (ii) not all cell lines yield karyoplasts which are capable of regenerating to form whole viable cells. Data presented here support both of these hypotheses.
An examination of the organelle content of karyoplasts at various times throughout regeneration showed that not all cytoplasmic structures are re-formed at the same rate (31) . This suggested that various cellular proteins might be synthesized differentially, perhaps at discrete times during regeneration. A detailed analysis of the polypeptides synthesized by karyoplasts prepared from two cell lines-a mouse fibroblast and a mouse neuroblastoma line-showed that there were in fact dramatic changes in the rates of synthesis of numerous polypeptides at specific times during regeneration. Furthermore, an analysis of DNA synthesis showed that replication did not begin until karyoplasts had reformed an entire cellular complement of cytoplasm. Even when prepared from cells blocked around the G1/S interface, karyoplasts would not begin genome replication until the process of regeneration was essentially complete. Taken 18 to 24 h to block them at the G1/S interface. The plastic sheets were placed in centrifuge tubes and subjected to a short centrifugation in the absence of cytochalasin to remove loosely adhered cells. The cell monolayers were incubated in cytochalasin B-containing medium to allow nuclear extrusion; then the cells were subjected to a centrifugal force to enucleate the monolayer. The pellet at the bottom of the tubes was gently resuspended in thymidine-containing medium and allowed to recover for about 1 h. The preparation was collected by low-speed centrifugation, gently layered onto a 1 to 6% gradient of Ficoll (in medium plus thymidine), and allowed to incubate for 90 min to separate the cytoplasmic fragments from the karyoplasts. The karyoplast band was collected from the gradient and plated into tissue culture dishes to allow the whole cells to adhere to the dish. After these preplatings. the living karyoplasts were separated from the dead karyoplasts by centrifugation through Ficoll-paque. The (30) .
Preparation of karyoplasts. For enucleation, cells were grown on plastic sheets as described previously (13) . HeLa and N18TG2 cells were grown on sheets coated with collagen (dispersion TD-150. Ethicon Research, Somerville, N.J.). Sheets bearing CV-1, PtK2, HeLa, or L929 cells were centrifuged in their respective growth media (containing 5 mM thymidine) for 10 min at 12.000 x g at 37°C in a Sorvall HS-4 swinging bucket rotor. The sheets were then transferred to medium containing 10 ,ug of cytochalasin B per ml (Aldrich Chemical Co., Milwaukee, Wis.) and, after incubation at 37°C for 15 min. were centrifuged for 45 min at 12,000 x g and 37°C in an HS-4 rotor. N18TG2 cells were enucleated in a similar way, except that the cells were centrifuged at 7,000 x g; also, the centrifugation in cytochalasin was for 30 min rather than 45 min. By the use of these procedures, 98 to 99% of L929 cells and 50 to 70% of CV-1. PtK2, HeLa, and N18TG2 cells were enucleated. In some experiments, L929 cells grown on plastic disks were enucleated in a similar manner, except that a Sorvall SS-34 fixed-angle rotor was used. Karyoplast pellets were gently suspended in the appropriate growth medium and incubated at 37°C in an atmosphere containing 5% CO.
Karyoplasts were purified by using the procedures outlined in Fig. 1 , which summarizes methods described in detail elsewhere (13, 31) . In brief, the crude karyoplast pellet was freed from contaminating cytoplasmic fragments by sedimentation through a gradient of Ficoll; from whole cells by two 90-minute incubations in tissue culture dishes; and from dead karyoplasts by sedimentation through Ficoll-paque. The efficacy of these purification procedures has been described extensively (13, 31) . In some of the experiments reported here, dead karyoplasts were not removed before labeling with radioactive precursor com-VOL. 3, 1983 1868 WHITE, BRUNO, AND LUCAS pounds, since they neither incorporated the compounds nor interfered with the distribution of newly synthesized polypeptides in gel electrophoresis patterns.
Karyoplast regeneration was defined operationally as the regained ability to adhere to the surface of a tissue culture vessel. Freshly prepared karyoplasts, which contain a decreased cytoplasmic volume and surface area, cannot attach to and spread upon a surface. Thus, after 72 h of incubation in medium containing excess thymidine, the number of bodies which attached to the surface of a vessel was determined by microscopic observation and counting. As noted previously (13) , when such cultures were then placed into normal growth medium (without excess thymidine), the regenerated cells began to divide. Two-dimensional gel electrophoresis. Samples were prepared, and gel electrophoresis was performed by using procedures based on those described by O'Farrell (16) , O'Farrell et al. (17) , and Garrels (6 (4) . First-dimension isoelectric focusing gels were run as described by O'Farrell (16) , except that the gels were 170 mm in length and 1.8 mm in diameter. A mixture of 1.6% pH 5 to 7 and 0.4% pH 3.5 to 10 ampholines was used in the gel. "Prefocusing" was performed in stages as described by O'Farrell (16) . Focusing was performed for 7,650 V-h with an additional final hour at 800 V. Only the most acidic 120 mm of the gel was applied to the seconddimension slab gel (7) . Second-dimension gels were run as described by Bruno et al. (4) . A variety of purified marker proteins were used in the identification of spots on the gel patterns. Rabbit skeletal muscle actin and myosin, calf brain tubulin and radiolabeled proteins which co-polymerize with mammalian tubulin, and chick erythrocyte high-mobility-group chromosomal proteins (HMGs) were generous gifts of Carl Moos, Margery Cole, and Joel Gordon (State University of New York at Stony Brook), respectively. Intermediate filament proteins were purified from L929 cells by using the "colchicine cap" method described by Starger and Goldman (24) .
Preparation of detergent-insoluble cytoskeletons. The procedure used for preparing detergent-insoluble cytoskeletons was essentially that of Lenk and Penman (10) , except that ethyleneglycol-bis(P-aminoethyl ether)-N-N-tetraacetic acid and GTP were included in the extraction buffer and extractions were performed at 37°C. These modifications were added to preserve the structure of microtubules, as verified by electron microscopy. In brief, samples were washed with EBSS and then were incubated in extraction buffer (50 mM NaCl, 10 mM N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES) [pH 7.4], 2.5 mM MgCl2, 300 mM sucrose, 1 mM EGTA, 2 mM GTP, and 150 p.g of phenylmethylsulfonyl fluoride per ml) for 2 min at 37°C. A solution of 10% Triton X-100 was then added to give a final concentration of 0.5%, and the samples were swirled gently for 30 s at 37°C. When samples were to be used for electron microscopy, 50% glutaraldehyde was added directly to the extraction mixture to give a final concentration of 2%. When radiolabeled samples for gel electrophoresis were prepared, an additional wash of the insoluble material with extraction buffer was performed before processing for electrophoresis. This wash was pooled with the Tritoncontaining soluble extract. Triton-containing samples were dialyzed extensively against water before lyophilization and resuspension in electrophoresis sample buffer (see above).
Electron microscopy. Samples were collected by centrifugation, washed twice with EBSS, stained with a 0.5% uranyl acetate solution, and embedded in Spurr's epoxy (23) . They were sectioned and stained with uranyl acetate and lead citrate as described previously (31) . Sections were examined by using Philips EM201 and EM301 microscopes.
RESULTS
Factors affecting karyoplast regeneration. In the enucleation technique described by Prescott et al. (18) , cells were grown on plastic disks. These were then placed, cell-side down, into tubes containing medium with cytochalasin B. The tubes were centrifuged in a fixed-angle rotor with the line of centrifugal force forming an angle of 340 with the plane of the cell layer (see Fig. 2 ). In developing techniques for preparing large numbers of karyoplasts, we grew cells on bullet-shaped plastic sheets, two of which could be placed, back-to-back with cells facing outward, in a centrifuge tube containing medium with cytochalasin (12, 13) . The tubes were centrifuged in a swinging bucket rotor with the line of centrifugal force parallel to the plane of the cell layer (see Fig. 2 to be remarkably devoid of cytoplasmic organelles ( Fig. 4a and b) . Moreover, nuclei from these latter two cell lines appeared to be much less invaginated than nuclei in L929, CV-1, or N18TG2 karyoplasts.
In previous reports (12, Fig. 5c , and (ii) the intensity of every polypeptide spot is less in the former pattern. Next, the gel patterns produced by L929 karyoplasts labeled at these times were examined. A large number of spots changed greatly in intensity from pattern to pattern. These changes did not simply correlate with the overall intensity of the pattern. Indeed, the level of incorporation of some polypeptides seemed to vary between the limit of detection for the X-ray film and saturation of the film, at the exposure levels used. To verify these findings, the entire analysis-beginning with the preparation of karyoplasts-was performed four times. One set of results is shown in Fig. 6 . The arrows in Fig. 6a indicate some of the polypeptides whose level of incorporation of [35S]methionine changed during regeneration in all four experiments. Though these marked spots changed in all experiments, it cannot be claimed that the level or degree of change of each spot was the same from experiment to experiment. That is, a polypeptide whose rate of synthesis appeared to increase greatly between 24 and 48 h in one experiment might show a less dramatic increase in another experiment. Nine illustrative polypeptides are marked on all four panels of Fig. 6 . They illustrate the existence of three classes of polypeptides (Table 1) : those whose rate of incorporation of [35Sjmethionine increased at some time after karyoplast preparation; those whose rate decreased; and those whose rate apparently fluctuated up and down during the course of regeneration.
The subcellular location of some of these polypeptides was examined. First, the polypeptides were classified into three experimentally identifiable categories: those associated with the nucleus (identified as polypeptides present in gel patterns produced by whole cells but not by enucleated cells); those associated with the Triton X-100-insoluble cytoskeleton; and those associated with the detergent-soluble fraction of the cell. These latter two categories were identified as polypeptides which were greatly enriched in patterns produced by either the detergentinsoluble or the detergent-soluble fractions prepared from cytoplasts or whole cells (see above). Several major structural proteins, and polypeptides associated with them, were also identified by using purified marker proteins (see above). Figure 6a and Table 1 also show, then, that polypeptides whose level of incorporation changed during regeneration were found among all of the major categories which were examined.
The generality of these findings was tested by using the system of regenerating neuroblastoma karyoplasts. Again, whole cells and karyoplasts (blocked at the Gl/S interface) were labeled at 24-h intervals, and the polypeptides made were analyzed by two-dimensional gel electrophoresis. The whole-cell patterns appeared to be very similar at each time studied. However, as was observed with L929 karyoplasts, the intensity of a large number of spots changed during regeneration. Also, many (about half) of the polypeptides whose rates of synthesis changed most significantly during regeneration had electrophoretic mobilities corresponding to regenerationsensitive polypeptides seen in L929 karyoplasts (data not shown). Both lines are derived from mouse tissue and, of course, have numerous polypeptides in common.
Finally, it should be noted that at early times after preparation, even purified karyoplast preparations contain two types of bodies: those which will complete regeneration and those which will die. Thus, differential rates of synthesis and degradation in dying karyoplasts could result in a gel pattern different from that produced by whole cells. However, as shown previously (31), all L929 karyoplasts which are destined to die have done so by approximately 30 h after preparation. That is, greater than 90% of karyoplasts purified at 30 h will complete regeneration to reform whole viable cells. Thus, the gel patterns observed at 48 and 72 h should truly reflect the process of regeneration and should not be obscured by the presence of two populations of karyoplasts. Furthermore, N18TG2 karyoplasts destined not to complete the entire process of regeneration die somewhat earlier than L929 karyoplasts.
The cytoskeleton of regenerating karyoplasts.
Observation of gel patterns produced by the polypeptides of both types of karyoplasts suggested that the rate of incorporation of radiolabeled material into some cytoskeleton-associated polypeptides varied during regeneration. This was further investigated by using a two-dimensional gel system with expanded resolution in the area to which the polypeptides of interest migrated. Gel patterns were obtained by using the same samples analyzed as described above. In both L929 and N18TG2 patterns, two tubulins (ox and 3), a major intermediate filament protein, and four forms of actin (1, y, 8, E) were identified by comigration with purified marker proteins (see above). In both systems, changes in the overall rates of incorporation into some of Fig. 6 .
b The three classes are described in the text. Class I polypeptide spots appeared to increase in intensity during regeneration; Class II decreased; Class III fluctuated, that is, both increased and decreased during regeneration.
C The methods used to determine cellular localization are described in the -text. The designation "general" indicates that the polypeptide was not enriched in any of the cellular fractions examined.
these polypeptides (particularly tubulin) were observed. Results obtained by using neuroblastoma karyoplasts are shown in Fig. 7 . From examination of many such gels, however, it was concluded that these major structural polypeptides were not among those showing the most dramatic changes in synthesis during regeneration.
During cytochalasin-induced enucleation, the major cytoskeletal components of the cell, including centrioles, segregate with the cytoplasts (21, 31) . Only fragments of cytoskeletal components have been detected in freshly prepared karyoplasts (31) . The successfully regenerating karyoplast must, of course, reform this skeleton. That all major components of the cytoskeleton were synthesized throughout regeneration was suggested by the results described above. Next, the reformation of structure was followed directly by microscopic observation of regenerating karyoplasts. To facilitate examination, the bodies were first extracted with Triton X-100 by a process which preserved the cytoskeletal-microtrabecular network, including microtubules. Freshly prepared karyoplasts were extremely fragile; the extraction procedure removed virtually all of the cytoplasmic material from the bodies. However, extraction of karyoplasts as early as 3 h after preparation produced bodies having the appearance shown in Fig. 8a (L929 karyoplast) and 9a (N18TG2 karyoplast). Microtubules and filaments were clearly visible in the bodies. Sections of extracted karyoplasts at other times during regeneration are shown in Fig.   8b and c and 9b and c. In summary, it was found that major cytoskelet-al components were visible in every section examined. In both systems, the density of the structures appeared to be approximately equal to that seen in whole cells and cytoplasts. Thus, despite the drastic loss of cytoarchitectural components and organization suffered by karyoplasts, it appeared that the cytoskeleton was reformed coordinately with the overall mass of the cytoplasm. By 72 h after preparation, all surviving karyoplasts regained the ability to adhere to the surface of tissue culture vessels and possessed a cytoplasm and cytoarchitecture indistinguishable from those of whole cells.
DNA synthesis in regenerating karyoplasts. When karyoplasts were prepared according to the scheme shown in Fig. 1 , they were distributed about the Gl/S interface at the time of preparation. Such karyoplasts (and whole cell controls similarly blocked) were prepared and, at various times during regeneration, were released from the block and labeled with [3H]thymidine. When DNA synthesis was assessed by autoradiography, it was found that the majority of whole cells began DNA synthesis almost immediately (see Table 2 ). Whole cells maintained for several days and then released consistently showed a reduced ability to initiate synthesis, perhaps due either to a toxic effect from prolonged exposure to the excess nucleotide or simply to a loss of synchrony. However, it was found that regenerating karyoplasts released and radiolabeled at 0, 24, and 48 h after preparation did not begin to synthesize DNA. Most karyoplasts seemed unable to initiate DNA replication until they were approximately 72 h old and had attained the size and cytoplasmic content of whole cells. Similar results were obtained when the analysis was performed with N18TG2 karyoplasts (data not shown).
Karyoplast regeneration experiments were performed under conditions which inhibit cell division. This protocol was adopted so that rare whole cell contaminants would not divide and increase in number during experiments. However, to eliminate the possibility that exposure to excess thymidine specifically altered the ability of young karyoplasts to synthesize DNA, the experiment described in Table 3 was performed. Here, karyoplasts were prepared from synchronized L929 cells but then were maintained in normal medium during regeneration. At various times after preparation, DNA synthesis in the karyoplast and whole-cell control cultures was assessed. Early in the experiment, the majority of whole cells were engaged in DNA synthesis. The synchrony of the culture was gradually lost and, at each subsequent 24-h period, the percentage of cells making DNA was less. (These Expanded-resolution two-dimensional gel patterns of the major cytoskeletal proteins synthesized by regenerating N18TG2 karyoplasts. The samples were run on 17-cm isoelectric focusing first-dimension gels, and then the most acidic 12 cm were applied to the second-dimension gels. The more acidic portion of the gel is shown on the left. In panels b, c, and d, only the area of interest is shown. T indicates tubulin, If is intermediate filament protein, and 1, -y, 8 , and E are the non-muscle forms of actin, as described by Garrels and Gibson (7) . Samples were labeled at 0 (a), 24 (b), 48 (c). and 72 (d) h after enucleation.
L929 cells have a generation time of approximately 24 h and an S phase of approximately 6 to 7 h). However, most karyoplasts again did not begin making DNA until quite late (that is, approximately 72 h) in regeneration.
In all of these experiments, it was found that only ca. 50% of the karyoplasts synthesized DNA at 72 h. However, it was previously shown that essentially all karyoplasts which survived until 30 h after preparation would complete regeneration to form whole viable cells (31) . That the low figure seen here simply represented a degree of asynchrony in the population of karyoplasts (that is, not all karyoplasts began making DNA during the 3-h labeling period used) is supported by the results shown in Table  4 . When longer labeling periods were used, a number of labeled karyoplasts similar to that seen in whole cell control cultures were observed. When such karyoplasts were maintained in culture, the cell number increased, and the progeny of regenerated bodies likewise synthesized DNA.
DISCUSSION
Large populations of karyoplasts which are viable and essentially free of contamination by whole cells and cytoplasmic fragments can be prepared (13, 31) . Approximately 10% of such karyoplasts from the L929, CV-1, or N18TG2 cell lines will regenerate to form whole viable cells. However, others have reported that karyoplasts prepared from a variety of cell lines invariably die (5, 21, 29 b The cultures described above were fixed and processed for autoradiography as described previously (11, 31) .
The number of exposed silver grains over nuclei was determined. The background number of grains over an area the size of a nucleus was 4 to 6.
C Expressed as the number of bodies counted. d Adh refers to those karyoplasts which had adhered to the surface of the tissue culture dish; Susp refers to those in suspension. changes suggest, then, that karyoplasts follow a biosynthetic program throughout regeneration. The analyses presented here established that representatives of three major subcellular fractions-nucleus associated, detergent insoluble, and detergent soluble-were among the polypeptides whose rate of synthesis fluctuated most dramatically during regeneration. However, the exact identification of any of the polypeptides was not determined. Also yet to be determined is whether the magnitudes of the observed fluctuations in the rates of synthesis of particular polypeptides are reproducible. This will require detailed quantitative analysis of the fluorogram patterns.
Electron microscopic examination of regenerating karyoplasts showed that they contained fragments of cytoskeletal components (with the exception of centrioles) from the earliest time examined. Other investigators have also demon- a This experiment was performed as described in Table 2 , except that the medium with excess thymidine was removed from the culture immediately after enucleation. b Cultures were processed as described in Table 2 . C Expressed as the number of bodies counted. d Adh refers to those karyoplasts which had adhered to the surface of the tissue culture dish; Susp refers to those in suspension.
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strated the existence of intermediate filaments in freshly prepared karyoplasts which had been treated with detergent before fixation for electron microscopic examination (22) . In light of reports suggesting that the microtubule organizing center of interphase cells is the centrosome (19, 20) , it is notable that microtubules reformed in regenerating karyoplasts before centrioles were detected. In fact, all of the major cytoskeletal proteins examined here appeared to be synthesized, perhaps with some minor changes in rate, and assembled into structures throughout regeneration.
As described above, analysis of polypeptide synthesis in karyoplasts revealed a class of molecules whose synthesis was apparently greatly reduced during some phases of the regeneration process. It was surmised that synthesis of some macromolecules might be safely reduced because they expressed or involved functions not essential for regeneration. This conclusion was further supported by the analysis of DNA synthesis described above. It was found that, regardless of the experimental protocol used, karyoplasts would not initiate DNA synthesis until 48 to 72 h after preparation. (Although it has been reported that freshly prepared karyoplasts can elongate nascent DNA chains [2] , it is unlikely that this low level of synthesis would be detected by the autoradiographic methods used here.) Numerous mechanisms could be invoked to explain this observation. Perhaps a critical level of an enzyme needed for replication had to be synthesized; or perhaps a structural component absent from karyoplasts had to be resynthesized or reformed. Centrioles, which have long been implicated in the events preceding the initiation of DNA synthesis (see, for example, references [26] [27] [28] , are absent from freshly prepared karyoplasts (31) . By 72 h all karyoplasts possess a pair of centrioles. The first appearance of the organelle seems to be correlated, in time, with a regained ability to adhere to a surface (13, 31 
